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Spatial associations between COVID-19 incidence rates and work sectors: 49 
Geospatial modelling of infection patterns among migrants in Oman  50 
 51 

Abstract 52 

Migrants are one of the most vulnerable groups to infection with viruses due to the 53 

social and economic conditions in which they live. Therefore, spatial modelling of 54 

transmission of viruses among migrants is important for controlling and containing the 55 

COVID-19.  This research focused on modelling spatial associations between COVID-56 

19 incidence rates and migrant workers. The aim was to understand the spatial 57 

relationships between COVID-19 infection rates of migrants and the type of workplace 58 

at the sub-national level in Oman. Utilizing empirical Bayes smoothing (EBS) as well 59 

as the local indicator of spatial associations (LISA), six work sectors (health, 60 

agriculture, retail & business, administrative sector, manufacturing, and mining) were 61 

investigated as risk factors for disease incidence. The results indicated that the six work 62 

types each had a significant spatial association with cases of COVID-19. High rates of 63 

COVID-19 cases in relation to the workplace were clustered in the densely populated 64 

areas of Muscat. Similarly, high rates of COVID-19 cases were located in the north part 65 

of the country, along the Al-Batnah plain, where migrants are often employed in the 66 

agricultural sector. Further, COVID-19 migrants employed in the health sector was 67 

larger than for the other sectors. Therefore, working in the health sector can be 68 

considered a hotspot for the spread of COVID-19 infections. Due to a paucity of studies 69 

addressing the spatial analysis of COVID-19 associations with workplaces, the findings 70 

of this research are useful for decision-makers to set the necessary policies and plans to 71 

control the outbreak of the virus not only in Oman or the Gulf Cooperation Council 72 

(GCC) but also in other developing societies. 73 

 74 
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Oman 76 
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1. Introduction  83 

Efforts to control and alleviate the propagation of communicable diseases have been 84 

made on national, regional, and global scales (Chakraborty and Maity, 2020; 85 

Abulibdeh, 2020). However, efforts to reduce propagation of SARS-COV-2/COVID-86 

19 have been hampered by several challenges, mainly the rapid transmission rate of the 87 

disease the nature of the virus associated with different socioeconomic and 88 

environmental variables (Shereen et al., 2020; Nicola et al., 2020; Gupta et al., 2020; 89 

Sohrabi et al., 2020; Li et al., 2020; Bourgonje et al., 2020). Studies have been 90 

conducted to understand the behavior of the virus, its detection, transmission, 91 

socioeconomic impacts, and treatment (Alzamora et al., 2020; Elmousalami and 92 

Hassanien 2020; Liu et al., 2020). For example, Zhai et al. (2021) utilised county-level 93 

data and geographically weighted panel regression to examine the spatiotemporal 94 

patterns of COVID-19 transmission across the U.S. There was clear spatial variation in 95 

the relation between COVID-19 transmission and socioeconomic and demographic 96 

factors. Moreover, population groups characterised by high incomes were more 97 

consistently associated low transmission rates. Similarly, Oyedotun & Moonsammy 98 

(2021) applied discrete and continuous panel regression and spatial lag models to 99 

examine the relationship between COVID-19 mortality and confirmed cases across the 100 

countries of South America. The modelling outcomes revealed that there was positive 101 

relationship between confirmed cases and population density, while there was a 102 

negative relationship between mortality and gross domestic product (GDP).  103 

 104 

In their recent work, Budnitz & Tranos (2021) utilised data on individual broadband 105 

speed to investigate how the quality of internet services might influence the 106 

accomplishment of work from home during the COVID-19 lockdown in the UK. The 107 

study indicated from the temporal profile of broadband usage that seven out of nine 108 
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clusters experienced slower upload speeds in the morning. This pattern of slow upload 109 

speed can be attributed to extreme telecommuting, particularly video calls, during the 110 

pandemic. In an analysis of the associations between staying at home during the 111 

COVID-19 pandemic and sociodemographic variables at the U.S. census block group 112 

(CBG) level, Huang et al. (2021) found a statistically significant correlation between 113 

home-dwelling time and economic status. In addition, poor communities stayed at 114 

home less compared to wealthy and rich communities, reflecting the luxury nature of 115 

stay-at-home mandates across all geographical zones. Analysing urban mobility during 116 

the COVID-19 lockdown, Kar et al. (2021) investigated spatial variation in essential 117 

travel in Columbus, Ohio during the pandemic-induced business closure. The findings 118 

showed spatial differences among socioeconomic groups in travel patterns. During the 119 

lockdown, and according to variation in spatial accessibility, moderate and high 120 

socioeconomic status travellers made large numbers of long-distance work trips while 121 

low socioeconomic status travellers made a small number of work trips.  122 

 123 

Although no evidence has been confirmed yet that a certain group of the population is 124 

more vulnerable to COVID-19 infection, socioeconomic circumstances, living 125 

conditions and work sector have direct impacts on infection risks. Nevertheless, spatial 126 

studies that address the associations between disease transmission and demographic 127 

structure are still quite rare.   128 

 129 

Rather than analysing the impacts of COVID-19 restrictions and lockdowns on 130 

economic sectors generally and migrant work specifically, the aim of this research was 131 

to examine the spatial associations between incidence rates among migrants and their 132 
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work sectors at the subnational scale in Oman.  Thus, the following research questions 133 

were answered: 134 

- To what extent is there an association between COVID-19 incidence rates 135 

among migrants and working sectors? 136 

- Which work sectors are spatially correlated with disease incidence rates? 137 

- Where are areas of abnormally high incidence rates given underlying work 138 

sectors as risk factors?  139 

2. COVID-19 and migrant populations  140 

The incidence of COVID-19 in migrants is due to the complex interaction of 141 

socioeconomic factors, health determinants, potential genetic susceptibility, higher 142 

prevalence of underlying medical co-morbidities that lead to more severe disease, 143 

and/or barriers to accessing care (Khunti et al., 2020; Tai et al., 2020). Migrants are 144 

more at risk of exposure to COVID-19 disease due to crowded conditions both in 145 

residential dwellings and in workplaces. In some countries, overcrowd work 146 

environments and low access to protection measures may have led to increased 147 

exposure and hence migrant workers highly affected by the COVID-19 pandemic 148 

(HSU, 2020; Turcotte and Savage, 2020). 149 

2.1 Working Conditions/Work Sectors and COVID-19 150 

Migrant workers are typically employed in lower skilled roles and have low-income 151 

distributions, as many of them are overrepresented in lower socioeconomic strata, and 152 

hence they are forced to accept undesirable and low-status jobs (Sönmez et al., 2020). 153 

Other migrant workers may work in key services such as health care. A recent study 154 

investigated the infection and mortality rates of healthcare workers globally 155 

(Bandyopadhyay et al., 2020) and found that higher rates of infections were mainly 156 
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among women and nurses while the large mortality was among men and doctors. In the 157 

same vein, Kasper (2020) reported higher prevalence of COVID-19 in health sectors. 158 

 159 

The propagation of COVID-19 has posed a serious occupational health risk to 160 

healthcare workers because of their frequent exposure to infected individuals (Saqlain, 161 

2020; Hoe Gan, 2020). Although healthcare workers may have better infectious disease 162 

protection plans than other occupational settings, they still face increased exposure to 163 

the disease and hence have higher likelihoods of being infected by the disease (Baker 164 

et al., 2020). However, these protection measures may not always be effective in 165 

protecting healthcare workers from infection, particularly when the number of incident 166 

cases is very high and hospitals are overwhelmed due to heavy patient loads 167 

(Brousseau, 2020). In Wuhan, for example, around 4% of confirmed COVID-19 168 

incidents were in healthcare workers. This indicates that such workplaces are potential 169 

locations of transmission although the workers are trained to take measures and protect 170 

themselves from such hazards (Wu and McGoogan, 2020).  171 

 172 

Depending on occupational characteristics, some workers are at increased risk of 173 

contracting the disease due to their direct interfacing with the public and other workers 174 

and hence are considered a nexus of disease transmission to the community. Baker et 175 

al. (2020) found that around 10% of workers in the USA were employed in occupations 176 

characterized by direct exposure to disease or infection at least once a week and 18.4% 177 

of them worked in occupations where infection or exposure to disease occurs once per 178 

month (Baker et al., 2020). These workers were employed mainly in the healthcare, 179 

protective service, construction and extraction, education, office and administrative 180 

support and community and social services occupations.  181 
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 182 

Migrants commonly face adverse work conditions with low-wage jobs and experience 183 

excess chronic stress, exacerbated by economic, political, and social inequities 184 

(Sönmez et al., 2020). Migrants can also be exposed to crowded working conditions, 185 

work with hazardous material, or work while they are sick due to social or economic 186 

pressure, which may result in the further transmission of the disease (Platt and 187 

Warwick, 2020). As a result, several cases were reported in many production plants, 188 

factories, and on farms primarily by migrant workers. Migrants have been found to be 189 

less likely to work in jobs that could be performed remotely and thus are more at risk 190 

of COVID-19 (Borjas and Cassidy, 2020; Abulibdeh, 2020). 191 

 192 

Studies found that industrial workers were more susceptible to COVID-19 infection 193 

where underlying health problems (such as respiratory system problems and 194 

occupational diseases) were common among these workers (Quynh Nguyen et al., 195 

2017; Pham et al., 2019; Tran et al., 2020). Furthermore, self-treatment was the most 196 

common method that these workers tended to use when having health problems (Tran 197 

et al., 2019). Tran et al. (2020) concluded that the spread of COVID-19 disease among 198 

industrial workers will cause more severe and life-threating conditions among migrants. 199 

 200 

Hilson et al. (2020) investigated the effects of the COVID-19 pandemic on artisanal 201 

and small-scale mining (ASM) in sub-Saharan Africa. This sector employs more than 202 

25 million people and creates significant economic opportunities indirectly. In 203 

particular, this study investigated how the communities dependent on ASM have been 204 

affected economically due to the changes made at the local, regional, and international 205 

levels because of the spread of the virus. Calvimontes et al. (2020) examined the impact 206 



8 
 

of the pandemic on small-scale miners in different communities in Brazil. The study 207 

highlighted the capacity of miners to self-organize and find alternative solutions to cope 208 

with the pandemic. Miners in Brazil usually belong to heterogeneous social groups, and 209 

work without formal employment contracts (Calvimontes et al., 2020; de Theije, 2020). 210 

Despite the spread of the disease and the risk of being infected, economic gain is the 211 

main reason motivating miners to work, as they need to meet their financial 212 

responsibilities and basic needs. However, miners believe that they are safer in the 213 

mining site than in town in terms of the risk of disease contagion as they do not leave 214 

the mining sites very often and thus, they believe this is similar to self-quarantine. 215 

However, de Castro et al. (2020) found a disparity between the numbers of COVID-19 216 

in some mining municipalities in Brazil but jobs in this sector remained stable 217 

throughout the pandemic compared to other sectors.  218 

 219 

Farmworkers are another group of workers that are affected by the spread of the 220 

pandemic. For example, migrant farmworkers in the USA have closed work permits 221 

and face inequities, such as overcrowded living conditions, isolation, lack of access to 222 

field sanitation, difficulty accessing health care, lack of access to personal protective 223 

equipment, and inability to switch employers (Haley et al., 2020). These conditions 224 

further magnify the possibilities of being in an increased risk of exposure to the disease 225 

(Caxaj and Plamondon, 2020). Flocks (2020) investigated the impact of the COVID-19 226 

pandemic on H-2A agricultural workers in the USA. This group of workers is more 227 

vulnerable to transmission of the disease because they have less control over their 228 

physical environment compared with domestic farmworkers. Despite the increased 229 

number of incidence cases in this group of workers, there was no rule in the US that 230 

addressed the need to protect workers’ health because of the disease.   231 
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2.2 Living Conditions of Migrants and COVID-19 232 

Most of the studies conducted in the USA and Europe investigated the effects of 233 

COVID-19 on undocumented migrants (Keller and Wagner, 2020; Wernly et al., 2020). 234 

In Europe, migrants are more likely to reside in places with high population density 235 

such as urban areas or migrant campuses (Costa and de Valk, 2018). Under these 236 

conditions, migrants are unable to follow basic mitigation and prevention practices such 237 

as hand hygiene, self-isolation, and social distancing. Therefore, the COVID-19 238 

mitigation measures that most European countries are taking are difficult to implement 239 

in these areas (Maroko et al., 2020). Migrants may live in crowded multi-generational 240 

households due to cultural and economic reasons, which may increase the risk of 241 

disease transmission within households and hence mitigation measures such as social 242 

distancing or self-isolation are difficult. In the USA and the UK, migrant groups are 243 

categorized amongst vulnerable and marginalized populations with longstanding 244 

structural inequalities and complex socioeconomic health determinants (Greenaway et 245 

al., 2020; Openshaw and Travassos, 2020). The focus of these migrants living 246 

conditions have been on those living in refugee camps, reception centers and detention 247 

centers which are considered at high risk for COVID-19 infection (Greenaway et al., 248 

2020; European Centre for Disease Prevention and Control, 2020).  249 

 250 

Keller and Wagner (2020) studied the impact of illegal migrants detained by 251 

Immigration Customs Enforcement (ICE) in the USA in addition to the impact on the 252 

nation’s public health. The ICE system is well known for overcrowding, inadequate 253 

health care, poor sanitation, and the complexity of containing contagious disease. 254 

Therefore, implementing the COVID-19 mitigation measures in these facilities is not 255 

possible and hence the authors suggested that the ICE should release those detained 256 
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migrants that pose no threats to public health and safety in order to prevent the spread 257 

of the disease (Keller and Wagner 2020).  258 

 259 

2.3 Underlying Health conditions of Migrants and COVID-19 260 

Migrants are a heterogeneous population with different cultures and various health 261 

needs and, in many countries, they face barriers to health care systems (Greenaway and 262 

Castelli, 2019). COVID-19 disease has been documented in refugee camps and among 263 

asylum seekers in many countries such as Portugal, Germany, the Greek mainland, and 264 

the UK (European Centre for Disease Prevention and Control, 2020). Migrants also 265 

may face difficulties in accessing the health care system due to poverty, racial 266 

discrimination, cultural and linguistic barriers, lack of entitlement to health care or 267 

sectors within the health system, and difficulties navigating the health care system. 268 

These migrant communities lack accessible and affordable healthcare (Hardy et al., 269 

2012; Martinez et al., 2015), which is particularly problematic during the COVID-19 270 

pandemic. Migrants in the US are also under- or uninsured which significantly limits 271 

their ability for early COVID-19 diagnosis, which is essential to optimize individual 272 

patient outcomes and to mitigate and prevent the transmission of the disease to other 273 

community members (Clark et al., 2020).  274 

 275 

Wernly et al., (2020) investigated the cardiovascular disease (CVD) risk distribution 276 

and health literacy of migrants in Europe compared to the host population. They found 277 

that health literacy among migrants was lower than the host population and that the 278 

rates of CVD risk factors in some subgroups of migrants were higher. Furthermore, 279 

they found that health literacy and CVD risk factors were key components in managing 280 

the public health response during the COVID-19 pandemic. They concluded that 281 
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migrants are both a challenge and opportunity in terms of the health care system. 282 

However, interventions to manage chronic disease, screen for risk factors, and increase 283 

health literacy among migrants could improve the long-term health care outcomes for 284 

them. 285 

 286 

Several studies have investigated the links between COVID-19 infections and living 287 

conditions and the underlying health conditions of migrants. However, few have looked 288 

at the spatial relationships between COVID-19 infection rates and work sector in 289 

migrant workers compared to the wider population. Many studies in the USA and 290 

Europe have revealed major health inequities among migrants, ethnic and racial 291 

minorities. Social and economic determinants will strongly influence susceptibility to 292 

and health outcomes of COVID-19; therefore, it is crucial to understand these factors 293 

when investigating the effect of the COVID-19 pandemic on migrants in Oman and if 294 

the migrants are disproportionately affected by the pandemic. Spatial modeling of 295 

disease transmission among migrants is crucial to guide responses to the pandemic in 296 

practice. In this study, infection rates of the disease were correlated with employment 297 

sector using spatial models to investigate the links  for six work sectors within Oman, 298 

a country that has a substantial migrant population.  299 

 300 

3. Materials and methods 301 

3.1 Study area  302 

Oman is located in the far south-eastern corner of the Arabian Peninsula, with an area 303 

of 309,501 km² and is the second largest country after Saudi Arabia on the peninsula. 304 

The country extends from latitudes 16.40° –26.20° north and longitudes 51.50°–59.40° 305 

east. Oman is bordered on the north by the Strait of Hormuz, to the northeast by the Sea 306 
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of Oman. On the east and south by the Arabian Sea while on the southwest by the 307 

Republic of Yemen. Oman also shares borders with the United Arab Emirates (UAE) 308 

in the north and west, and the Kingdom of Saudi Arabia (Empty Quarter) in the west 309 

(Fig.1).  310 

In 2021, the total population was 4,507,323 and approximately, 61.10% (2,751,842) of 311 

them were Omani with migrant populations accounting for 1,755,481 (38.9%) 312 

(NCSI,2021). Administratively, the country is divided into 11 governorates and 61 313 

Wilayats (states), with the Muscat governorate being the largest in terms of population 314 

size and comprising six Wilayats including Muscat City as the capital of Oman. In 315 

2019, the largest population density was 355.4 person/km2 in Muscat while the lowest 316 

density was in Al-Wusta governorate (0.6). The majority of migrants are concentrated 317 

in Muscat governorate (more than 850,000), while approximately 260,000 live in north 318 

Al-Batnah and slightly more than 200,000 population live in  Dhofar governorate (Year 319 

book, 2020). 320 

Oman is a capital rich and labor poor country, which is reflected in the high prevalence 321 

of migrant laborers. Currently, around 39% of the total population living in Oman are 322 

migrants (World Bank 2021), the majority of whom are from South Asia (India, 323 

Pakistan, Sri Lanka, Bangladesh) and Southeast Asia (Indonesia and Philippines). In 324 

Oman, migrants are pillars to several urban and rural economic sectors such as the 325 

agricultural, industrial and commercial sectors (Mansour, 2017). As a host country, 326 

Oman benefits economically from migrant labours in different aspects such as reducing 327 

wages, small businesses, and fostering entrepreneurial activities, particularly in 328 

unskilled jobs (Mansour, 2017). Oman relies heavily on importing foreign labourers 329 

from different countries mainly because of the small size of the Omani population. 330 

Furthermore, due to cultural perspectives, the percentage of local women entering the 331 
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workforce is low and hence the country relies on expatriate women, particularly in 332 

household jobs from South and Southeast Asian countries such as India, the Philippines, 333 

Sri Lanka, Indonesia, and Bangladesh (Mansour, 2017; Fernandez, 2010, 2011; 334 

Willoughby, 2006; Shah, 2004a, 2004b). Therefore, migrants are changing the 335 

population structure and the socioeconomic status and contributing to transformational 336 

development in the country. 337 

 338 

The migrant workforce in Oman works mainly in construction, food services, 339 

manufacturing industries, healthcare and accommodation. These types of jobs are 340 

essential and often require workers to attend the workplace in-person as the jobs do not 341 

lend themselves to working from home. Furthermore, migrants are more likely to live 342 

with multiple roommates or with multigenerational family groups. Usually low-skilled 343 

migrants live in housing units that are characterised by overcrowding and low-quality 344 

infrastructure meaning that social distancing and self-isolation are difficult (David, 345 

2009). 346 

  347 

Following the onset of the COVI-19 pandemic, Oman implemented strict measures and 348 

restrictions to lessen the transmission of the disease. However, the incidence rate has 349 

increased since the first confirmed registered case on 28th of February 2020 to reach 350 

133,728 confirmed cases with almost 26,000 cases per million as of January 2021 351 

(Worldometer, 2021 – end January 2021). Few studies have been conducted to 352 

investigate the spatial distribution of the disease in Oman. Mansour et al. (2021) 353 

investigated the spatial variation of the relationship between the infection rate and 354 

different sociodemographic factors such as population density, age structure, hospital 355 

beds, long-term illness, and nurse practitioners. The findings revealed that for people 356 
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aged 65 years and above, hospital beds, population density, and diabetes rates were 357 

statistically significant determinants of COVID-19 infection rate. Al‑Kindi et al. (2020) 358 

performed spatiotemporal analysis to investigate the spatial patterns of the propagation 359 

of COVID-19 disease in Oman using five geospatial techniques. They assessed the 360 

spatiotemporal patterns of COVID-19, and quantified temporal differences in the rate 361 

of incidence. They found that the disease moved from the northeast of the country to 362 

the northwest and southwest and that the infection rates increased in the most populated 363 

areas. 364 

 365 

In Oman, particular areas within the country have demonstrated high rates of COVID-366 

19 cases (Mansour, 2021; Al‑Kindi, 2020).  Nonetheless, no studies conducted on the 367 

relationships between COVID-19 and migrants’ employment in Oman nor GCC 368 

countries. These studies focused on the socioeconomic factors of migrants, particularly 369 

non-documented migrants. However, this literature did not consider the spatial patterns 370 

of COVID-19 among migrants. This gap is a major impediment to designing effective 371 

tailored interventions for this group of the population. Furthermore, although some 372 

studies investigated the impact of COVID-19 on migrants, no studies employed spatial 373 

techniques to assess the spatiotemporal characteristics of the spread of the disease on 374 

migrants. Such an investigation is crucial to quantify the spatiotemporal patterns of 375 

COVID-19 propagation across the country in general and among migrants in particular 376 

to determine the different demographic and socioeconomic factors that could accelerate 377 

transmission and incidence rates. Investigating the spatiotemporal incidence of 378 

COVID-19 is crucial in understanding the dynamics, occurrence and spread of the 379 

disease. As part of this, it is important to investigate the spatial impact of COVID-19 380 

disease on migrants in the country considering their socioeconomic characteristics. 381 
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Migrants in Oman work in several public and private sectors. Table 1 illustrates 382 

descriptions of the calculated risk factors, the dependent variable and the source of each 383 

variable.    384 

Figure 1 the study area and subnational administrative boundaries of Oman 385 

 386 

Table 1 Descriptions of risk factors and data sources 387 

 388 

Variable Description Source 

COVID-19 incidence rate among migrants  The COVID-19 cases in each Wilayat calculated by dividing the total 

number of cases by total number of migrants. 

MOH, 

Oman 

Migrants’ workers in health sector The percentage of migrants working in health sector in each Wilayat 

calculated by dividing the total workers in this sector by the total 

migrants’ workers and multiplied by 100 

NCSI, 

Oman 

Migrants’ workers in retails &business The percentage of migrants working in retails &business in each Wilayat 

calculated by dividing the total workers in this sector by the total 

migrants’ workers and multiplied by 100 

NCSI, 

Oman 

Migrants’ workers in administrative 

sectors 

The percentage of migrants working in administrative in each Wilayat 

calculated by dividing the total workers in this sector by the total 

migrants’ workers and multiplied by 100 

NCSI, 

Oman 

Migrants’ workers in agricultural activities The percentage of migrants working in agricultural activities in each 

Wilayat calculated by dividing the total workers in this sector by the total 

migrants’ workers and multiplied by 100 

NCSI, 

Oman 

Migrants’ workers in manufacturing  The percentage of migrants working in manufacturing in each Wilayat 

calculated by dividing the total workers in this sector by the total 

migrants’ workers and multiplied by 100 

NCSI, 

Oman 

Migrants’ workers in mining The percentage of migrants working in mining in each Wilayat 

calculated by dividing the total workers in this sector by the total 

migrants’ workers and multiplied by 100 

NCSI, 

Oman 

MOH: Ministry of Health in Oman.                      NCSI: National Centre for Statistics and Information 
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 389 

3.2. Methods  390 

The excess risk of COVID-19 incidence can be defined as the number of infected 391 

people during the pandemic above and beyond what would be expected under normal 392 

circumstances. Spatially, in this research, we are interested in how the incidence rate of 393 

COVID-19 among migrants in each Wilayat varies compared to the national average. 394 

The COVID-19 incidence rate (𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖) among migrants was computed as follows: 395 

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖 =
𝑥𝑥𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖
𝑝𝑝𝑖𝑖

∗ 10,000 396 

Where 𝒙𝒙𝒄𝒄𝒄𝒄𝒄𝒄𝒊𝒊 indicates the reported cases of disease incidence among migrants in 397 

Wilayat i while pi refers to the total migrants’ population in Wilayat i.  398 

 399 

3.2.1 Empirical Bayes Smoothing  400 

To stabilise COVID-19 incidence rates for Wilayats with small population sizes or low 401 

number of disease cases, Empirical Bayes Smoothing (EBS) was utilized. The main 402 

assumption was that the relative risks of population residing in Wilayat i (δi) were 403 

independently and symmetrically distributed according to a Poisson distribution: 404 

𝑥𝑥𝑖𝑖/𝛿𝛿𝑖𝑖~𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑁𝑁𝑖𝑖𝛿𝛿𝑖𝑖) 405 

Where xi  is the random variable illustrating disease count in Wilayat i while Ni refers 406 

to the expected count for the same zone. The Empirical Bayes Smoothed (EBS) 407 

relative risk of 𝑹𝑹𝒄𝒄𝒄𝒄𝒄𝒄𝒊𝒊 borrows the neighbouring Wilayat rates to adjust the uncertainty 408 

rates as per the expression: 409 

 410 

𝑅𝑅�𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖 = ∅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖 + (1 − ∅1)𝑚𝑚𝛿𝛿𝑖𝑖 411 

 412 
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Where 𝛿𝛿𝑖𝑖is the ratio of prior variance to the data variance, while 𝑚𝑚𝛿𝛿𝑖𝑖 is the prior mean 413 

(weighted mean). The final EBS rates remains virtually unchanged for all Wilayats with 414 

relatively large sizes of populations or numbers of cases (Nyadanu et al.,2019; Sankoh 415 

et al,.2002,).  Applying the spatial empirical Bayes (SEB) smoothed rate, spatial 416 

patterns of the disease among migrants were mapped and visualized (Figure 2). Unlike 417 

the raw rates, this empirical Bayes technique derives strength from neighbouring zones 418 

substantially to minimize the effects of small populations at infection risks within 419 

specific zones. 420 

 421 

3.3.2 Local Moran’s I and Local Indicators of Spatial Association (LISA) 422 

The Local Moran’s I is a measure of spatial clustering of a geographical variable where 423 

similar and dissimilar values cluster (Moran,1950). Giving the assumption that a linear 424 

relationship exists, Moran’s I is utilized specifically to identify geographical units 425 

(Wilayats) and their neighbours where the deviations in the relationships among a 426 

variable’s observations are minimum or maximum. The local Moran’s I for spatial 427 

association is calculated as:   428 

𝐼𝐼𝑖𝑖 = 𝑥𝑥𝑖𝑖 =
𝑥𝑥𝑖𝑖 − 𝑋𝑋
𝑚𝑚2

� 𝑤𝑤𝑖𝑖𝑖𝑖(𝑥𝑥𝑖𝑖 − 𝑋𝑋) 
𝑗𝑗

  429 

𝑚𝑚2 =
∑ (𝑥𝑥𝑖𝑖−𝑋𝑋𝑗𝑗 )

𝑛𝑛
       430 

Where n denotes the total number of observations (geographical zones) 431 

Xi illustrates the attribute value of a feature i (geographical zone or Wilayat) in the 432 

considered variable and 𝑋𝑋 refers to the mean value of that variable. wij is a calculated 433 

spatial weight between features i and j based on neighbouring status and m2 is a constant 434 

for all locations.  435 
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The outcome value of Moran’s I ranges from +1 (denoting positive autocorrelation and 436 

clustering) to -1(indicating negative autocorrelation and dispersion). The outcomes of 437 

the analysis involve four categories of similar and dissimilar observations clustering.  438 

The first category is high-high values which includes high values (above the variable 439 

mean) clustering with other high values. The second group is the low-low values which 440 

refers to a clustering pattern where low values (below the variable mean) cluster with 441 

other low values. These two categories (HH and LL) signify a positive spatial 442 

correlation. The remaining two groups comprise the high-low group which 443 

demonstrates high values clustering with neighbouring low values (below the variable 444 

mean). The last group is low-high values where low observations cluster with 445 

surrounding high values. These two groups (HL and LH) show a Negative Spatial 446 

Autocorrelation and illustrate dissimilar values (outliers) (Anselin, 1995).            447 

 448 

3.4.3 Bivariate local indicators of spatial association (BiLISA) 449 

The BiLISA is an explicit generalization of the concept of spatial association in which 450 

the measure relates the value of a variable at a specific zone to that of a different 451 

variable at the neighbouring zones. To measure the local relationship between the 452 

COVID-19 incidence rates among migrants and a set of variables representing work 453 

sectors, BiLISA was calculated as follows (Anselin,1995):  454 

 455 

Bi1,2 = 𝑥𝑥1𝑖𝑖 �𝑤𝑤𝑖𝑖𝑖𝑖

𝑛𝑛

𝑗𝑗=1

𝑥𝑥2
𝑗𝑗  456 

 457 

Where Bi1,2 refers to the bivariate value of the variable 1,2 at spatial unit i while n 458 

represents the total number of Wilayats. 𝒙𝒙𝟏𝟏𝒊𝒊  indicates the degree of linear association 459 
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between the values of variable 1 (x) at a specific neighbourhood i. 𝑥𝑥2
𝑗𝑗  signifies the mean 460 

value of the second variable in neighbouring spatial zone j and 𝑤𝑤𝑖𝑖𝑖𝑖 is the spatial weight 461 

between the 𝑖𝑖 th and 𝑗𝑗 th spatial units. 462 

To create bivariate maps, a spatial weight matrix was developed on the basis of first-463 

order queen zone contiguity. Given the size and irregular shapes of Wilayats polygons, 464 

the queen matrix is suitable for capturing spatial autocorrelation and disease. Weights 465 

were assigned to all Wilayats that share common edges and corners where Σwij = 1 if 466 

Wilayat i and j shared a common boundary; otherwise Σwij = 0, for non-neighbouring 467 

Wilayats. 468 

4. Results  469 

In this research, we were interested in finding out how the incidence rate of COVID-19 470 

amongst migrant workers was related to the national average and how it correlated with 471 

job type. The spatial distribution of incidence rates (Fig. 2) shows that COVID-19 472 

incidence rates varied across the country with the largest numbers in the northern 473 

regions, particularly Muscat governorate and urban Wilayats (Muscat, Matrah, 474 

Bowsher, and Al-Seeb). This is due mainly to population concentration and 475 

overcrowding of migrants’ housing units, particularly in urban districts. Similarly, 476 

larger averages are found in the far north within Al-Burmai and parts of North Al-477 

Batnah governorates. The large averages were spread sparsely over the eastern coasts 478 

and a clear Eastern excess was apparent along with Jaalan Bani Bu Ali, Al-Duqum , 479 

Al-Jazir, and rates were high in Sadah and Maribat. Most of the migrants living in 480 

regions such as Al-Duqum are low-skilled migrants (Mansour, 2017) and lack 481 

affordable housing and thus they live in crowded conditions and in close proximity 482 

where protective measures and social distancing are difficult to enforce. Accordingly, 483 

workers who live in such circumstances are at high risk of COVID-19 infection. The 484 
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low rates were observed mainly in the interior Wilayats of North Al-Batnah (e.g Bidiya, 485 

Al-Qabal, Wadi Bani Khalid, and Jaalan Bani Bu Hassan). These places are 486 

characterised as mountainous environments with low percentages of migrants who 487 

work mostly in the agricultural sector or in domestic work. The spatial distribution of 488 

high and low incidence areas was less heterogeneous in rural and desert areas than 489 

coastal areas. 490 

A bivariate map shows the COVID-19 rates among migrants and locals (Omani 491 

populations) across subnational administrative zones (Figure 3). There were marked 492 

spatial differences in the incidence rates between migrants and locals across the study 493 

area. The lowest rates among migrants were seen in the middle part of Al-Dakhalia 494 

governorate (e.g., Bahle wilayat) and a strip from the northeast to the south. On the 495 

other hand, the lowest rates among locals occurred mainly in internal Wilayats in the 496 

West of the country. In essence, these Wilayats are described by suburb and rural 497 

residential areas with a low number of migrants workers. The majority of workers work 498 

in small business properties such as groceries, retail stores, shops, and cafes and they 499 

live in single rooms and less crowded housing units.     500 

Figure 2 spatial distribution of bayes rates of COVID-19 incidence among migrants across the 501 

study. The dark blue colour indicates areas with higher rates among Omani populations relative 502 

to migrants  503 

 504 

Figure 3 Bivariate map of COVID-19 incidence among migrants and Omani populations across 505 

the study. The dark red colour refers to areas with higher rates of migrants compared to Omani 506 

people.   507 

4.1. Associations of work sectors with COVID-19 incidence rates  508 

Studying spatial transition mechanisms among migrants’ communities in Oman 509 

requires analysing the relatedness between disease infection rates and working sectors 510 
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and workplaces of migrants’ populations. Several maps of excess COVID-19 incidence 511 

rates among migrants were created utilizing work sectors as a base while the infection 512 

cases of migrants were used as an event base (Figure 4). Six factors illustrated 513 

statistically significant spatial correlation with COVID-19 incidence rates. Using the 514 

percentage of migrants working in the agricultural sector as a base, higher than expected 515 

rates were found mostly across the northern Wilayats of both Muscat (e.g. Al-Seeb and 516 

Matrah) and North Al-Batnah (e.g. Sohar and Liwa) governorates. Likewise, other 517 

Wilayats that show greater incidence than expected were in the middle part of the 518 

country particularly Al-Wusta governorate as well as the south-western parts of Dhofar 519 

governorate (Sadah, Mirbat, and Taqah) (Figure 4a).  The spatial distribution of excess 520 

disease incidence among migrants for health and social work sectors indicates that 521 

mostly the urban Wilayats within Muscat and Al-Batnah governorates experienced 522 

higher than expected incidence as compared to the average national rate (Figure 4b).  523 

For migrants working in the administrative sector a low number of Wilayats (11) had 524 

greater than expected incidence and these were predominately in the Muscat urban 525 

areas, Al-Duqum in Al-Wusta governorate, and Adam in Al-Dakhliya governorate 526 

(Figure 4c). Considering the retail and business sector as a risk factor determining 527 

COVID-19 incidence, most of the Wilayats located in the northwest showed higher than 528 

expected averages compared to the national average (Figure 4d). Similarly, some 529 

Wilayats in the southeast (e.g. Al-Duqum, Al Jazir, and Mirbat) had higher than average 530 

incidence rates. A cluster of zones extends from the northeast to south (Al-Qabil, 531 

Bidiyah, and Mahawt) associated with below average incidence rates.  532 

Migrants working in the manufacturing sector were associated with increased excess 533 

risks in all administrative zones of Muscat governorate and along Wilayats in the Al-534 

Batnah coastal plain (Figure 4e). Likewise, a few places along the east and south coasts 535 
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showed also large incidence rates such as Al-Duqum, Al Jazir, and Salalah. On the other 536 

hand, a clear belt from north to south (Al-Qabil to Mahawt) was apparent along the 537 

northeast part of the study whereas this cluster mirrors low incidence rates. For migrants 538 

working in the mining sector, a few Wilayats experienced high incidence rates of the 539 

disease particularly Al-Seeb in the north and Salalah in the south (Figure 4f). A cluster 540 

of low incidence rates can be seen in the northeast part of the Country and most 541 

Wilayats had infections rates less than the national average.   542 

Figure 4 Spatial distribution of excess COVID-19 incidence rates among migrants in Oman with 543 

respect to the work sectors factors as base covariate, indicating Wilayats that have infection rate 544 

greater than expected incidence: Agricultural sector (a); health and social sectors (b); 545 

administrative sector (c); retails and business (d); manufacturing (e); mining (f).  546 

Table 2 Bivariate Moran’s I of the significant risk factors of migrant workers in job 547 

sectors 548 

 549 

A disease conditional map (Fig. 5) shows that high percentages of workers in retail-550 

business and manufacturing together were associated with high COVID-19 incidence 551 

rates in mostly Wilayats located in the north and northwest (upper right map). Whereas, 552 

the lower rates of disease infection were in the south. The lowest incidence rates also 553 

cluster in a strip from northeast to the south. The number of locations with emerging 554 

Risk factors Bivariate Moran's I Pseudo p-value z-value 

Agricultural activities  -0.0172 0.004 -2.360 

Retail & business 0.2917 0.003 3.996 

Health sector 0.4144 0.002 5.341 

Administrative sector  0.4101 0.002 5.152 

Manufacturing  0.4119 0.000 6.116 

Mining  0.2612 0.013 3.376 
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COVID-19 incidence conditioned on retails-business and manufacturing were detected 555 

in the upper left panel where manufacturing was high with low retail & business.  556 

  557 

Figure 5 COVID-19 incidence conditioned on manufacturing and retail business where Wilayats 558 

with relatively high rates due to co-location of the two risk factors were represented using the 559 

brown colour while the low rates are in light blue.  560 

 561 

3.3. Spatial autocorrelation and cluster-outlier detection (bivariate LISA) 562 

The bivariate LISA maps in Figure 6 show spatial patterns of the statistically significant 563 

associations between COVID-19 incidence rates among migrants and a set of risk 564 

factors across the subnational boundaries in Oman. The results illustrate that there was 565 

a hotspot and positive autocorrelation (high-high) between COVID-19 incidence rates 566 

and percentage of migrant workers employed in the agricultural sector specifically in 567 

North Al-Batnah governorate as well as Al-Duqum Wilayat (Figure 6a). Positive 568 

autocorrelation (low-low) clustering was found in the northeast of Dhofar governorate. 569 

Two further clusters associated with workers in agriculture (high-low and low-high) 570 

can be observed. The high-low cluster (Wilayats with high disease incidence rates 571 

surrounded by Wilayats with low percentages of migrants’ workers in agriculture) was 572 

formed by Wilayats of Jaalan Bani Bu Hassan in the east and Mahadah and Yanqul in 573 

the east. The low-high cluster (Wilayats that had low disease incidence rates surrounded 574 

by areas with high percentages of workers in agricultural sectors), was found only in 575 

the south and composed of Wilayats Al Mazyunah, Rakhyut, and Salalah.  576 

Figure 6b shows the map of the spatial association of clusters between disease incidence 577 

rates and migrants’ workers in the retail-business sectors. Three positive or hotspot 578 

spatial clusters (high-high) appeared in different locations. The first cluster was found 579 

in the north region (urban zones within Muscat governorate) including Al-Seeb, 580 
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Muscat, Bowshar and Matrah. The second cluster was formed by Wilayats of Bahla, 581 

Manah, and Nizwa. Two coldspot clusters (low-low) were found in the northeast (Ibri) 582 

and the south (Al Mazyunah, Rakhyut). A high-low cluster type was found in the 583 

northern region of Al-Dakhaliya governorate (Bidbid and Samail) as well as Muqshin 584 

while a cluster of low-high was found in the central part of the country. 585 

The association between disease incidence rates and migrants’ workers in the 586 

manufacturing sector is depicted in Figure 6c.  Administrative zones of positive spatial 587 

association (high–high) were located in Al-Seeb and Bauwshar (within Muscat 588 

governorate), Sohar in the north, and Al-Duqum  in the central east of the study. Cold 589 

spots comprise a spatial cluster of low–low were located in the Mauhuat and Sadah 590 

Wilayats. Figure 6d represents the relationship between incidence rates and migrant 591 

workers in the health sector. Positive autocorrelation pattern (high–high) was observed 592 

in the north, especially in urban zones (Al-Seeb, Bauwshar, Matrah, Barka and Muscat). 593 

The spatial pattern of cold spots (low–low) appears mostly in the far north and 594 

northwest. A few statistically significant (at the 0.05 level) high-low wilayats (outliers) 595 

occuredin the north of Al-Dakhaliya governorate (Bidbid). This pattern demonstrates 596 

that a high prevalence of COVID-19 among migrants coexisted with migrant workers 597 

in the health sector. 598 

 599 

For the association between disease incidence rates and migrants’ workers in the 600 

administrative sectors (Figure 6e), our results showed three high-high cluster types in 601 

Al-Seeb and Barka in the north, Adam and Bahla in Al-Dkhaliya governorate, and the 602 

southwest of Dhofar governorate (Sadah and Mirbat). The low–low clusters were found 603 

in the east of Dhofar governorate (Thumrayt and Muqshin). On the other hand, 604 

outlierclusters (high-low and low-high) can be observed in the north (Ar Rustaq, Ibra, 605 
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and Samail) and the far South (Al Mazyunah and Dalkut), respectively. The high 606 

association between disease incidence rates and migrants’ workers is spatially 607 

concentrated in the north (Sohar, Al-Seeb, and Bowsher) and in the east (Al-Duqum ) 608 

(Figure 6f). In contrast, a cold spot (low–low) pattern is observed in the northwest part 609 

of the country (Ibri, Bahla, and Adam). 610 

 611 

Figure 6 Maps of Local indicators of Spatial Association (LISA) bivariate clusters of COVID-19 612 

incidence rates among migrants with migrant workers in 6 sectors: Agriculture sector (a) retails-613 

business sectors (b) manufacturing sector (c) health (d) administrative sector (e) mining sector (f). 614 

Hotspot (High-High), Coldspot (Low-Low), and outliers (High-Low & Low-High). The statistical 615 

inference based on Monte Carlo randomisation test at 999 permutations, showing significant 616 

pseudo p < 0.05 clusters.  617 

 618 

5. Discussion  619 

Although a considerable body of existing literature has addressed the interrelationships 620 

between COVID-19 and migrants (Turcotte &Savage, 2020; Keller and Wagner, 2020; 621 

Wernly et al., 2020; Greenaway et al., 2020; Openshaw & Travassos, 2020), spatial 622 

studies on the associations between migrants work sectors as risk factors, and disease 623 

incidence rates have not been conducted. Accordingly, this research represents a novel 624 

contribution to the evidence base concerning associations between employment sectors 625 

of migrants and COVID-19 incidence. It also offers useful insights regarding the spatial 626 

autocorrelation and spillover of the disease among migrants in Oman. Furthermore, it 627 

represents a novel linkage of a wide range of health, socioeconomic and 628 

epidemiological fields. Although migrants, especially low skilled workers, play an 629 

essential role in the response to the COVID-19 pandemic through working on the 630 
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frontlines, they may be some of the most affected and most vulnerable populations to  631 

disease infection (Claudia, 2020). 632 

The findings from the analyses showed that six main variables (migrants working in 633 

employment sectors) were strongly associated with spatial variations in excess COVID-634 

19 incidence across Oman. The spatial clustering of high COVID-19 incidence and 635 

their relationship with work sectors is clear in urban Wilayats within Muscat 636 

governorate as well as Al-Batnah coastal plain. This can be attributed to the 637 

demographic characteristics of these areas where large number of migrants are 638 

concentrated and working in several public and private sectors such as commercial 639 

properties, agricultural farms, shops, shopping centres, warehouses, factories, medical 640 

centres and hospitals.    641 

  642 

In this research, the main focus was on the recognition of the workplace as a COVID-643 

19 infection risk. We found a number of risk factors with significant associations with 644 

COVID-19 incidence rates in Oman. The significant autocorrelation between these 645 

factors and disease incidence among migrants indicates that these factors might be 646 

indispensable predictors of infection occurrence at the subnational level. Considering 647 

the percentages of migrants working in agriculture, high rates of COVID-19 incidence 648 

were found in the north of the country particularly along the Al-Batnah plain. This 649 

pattern might be explained by the fact that the low wage farmworkers in this sector face 650 

challenges to afford the required prevention and measures such as isolation, social 651 

distancing and disinfectant. In addition, low skilled workers in rural and desert areas 652 

often have relatively poor knowledge about the disease prevention with low access to 653 

health facilities. Consequently, high percentages of migrants working in agricultural 654 

activities and operations were associated with greater levels of COVID-19 incidence 655 
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rates across local communities. Our findings indicated that the prevalence of COVID-656 

19 among health and medical workers was significantly higher than for others sectors 657 

which is consistent with previous studies, (Kasper,2020; Godderis, 2020). Accordingly, 658 

jobs in the health and medical sectors can be classified as presenting high or very high 659 

exposure risks to COVID-19 infection. Most excess disease incidence among migrants 660 

working in health and medical sectors were in urban zones within Muscat and Al-661 

Batnah in the north and Al-Duqum in the east. The high stress of patient loads in 662 

hospitals and clinics makes workers in these sectors particularly vulnerable to infection. 663 

LISA analysis revealed that the bivariate clustered zones with High-High positive 664 

spatial association for COVID-19 incidence and migrant workers in the health sector 665 

were located around the capital Muscat, as well as Barka Wilayat in South Al-Batnah. 666 

Local clusters of negative spatial association Low-High in the south and southeast. 667 

Cluster detection also identified four clusters exhibiting positive autocorrelation 668 

between disease incidence and workers in the manufacturing sector in the north, within 669 

Muscat governorate and in the northwest around Sohar Wilayat, and Al-Duqum in the 670 

east. In addition, spatial association was found between COVID-19 incidence rates 671 

among migrants and percentages of migrants working in administrative sectors. 672 

Positive associations (High-High) were found mainly in the urban areas of Muscat 673 

governorate. The high Covid-19 incidence rates in this cluster can be explained by the 674 

fact that large number of migrants are working in public and private establishments and 675 

organizations within Muscat governorates and the majority live in overcrowded 676 

housing.  We identified three hotspot (high-high) clusters of the association between 677 

workers in the retail and business operations and disease rates. These clusters included 678 

10 Wilayats located in the north and south of the study area with incidence rates higher 679 

than the national average surrounded by other zones with higher than average rates. 680 
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This can be attributed to the fact that most retail stores, including drug stores, grocery 681 

stores, and other entities that sell essential supplies, and businesses in the informal 682 

sector, remained open during the COVID-19 pandemic, particularly those with high 683 

customer volumes.  684 

This research could provide effective information to decision makers by identifying 685 

disease infection hotspots that are associated with workplace relative risks. 686 

Consequently, precise measures, prevention and control of the disease can be 687 

implemented. The ramifications of lockdown and social distance restrictions will be felt 688 

for months, if not years, particularly for migrant workers within their work systems. 689 

Despite appearing to be at the first stage of disease receding and vaccination 690 

programmes beginning, migrant workers remain the most vulnerable groups to 691 

infection. 692 

The spatial aspect of COVID-19 associations with workplaces has not been studied, but 693 

it can provide vital information for the effective interventions that target protecting 694 

workers from disease infections in local areas. In the absence of individual-level data 695 

of COVID-19 infection, particularly across the developing nations, aggregated area-696 

level variables are often the only source of information to investigate how factors 697 

associated with disease incidence may contribute to understanding infection patterns 698 

and risk mitigation. Workplace sectors of migrants have been identified as potential 699 

determinants of COVID-19 incidence rates among migrants at the subnational spatial 700 

scale. As a result, policy makers and governmental planners need to address 701 

geographically the associations between disease transmission and workers in each 702 

economic sector ,particularly with the lifting or loosening of lockdown restrictions. To 703 

reduce infection risk exposure within workplaces, the implementation of administrative 704 

control is required which includes several procedures and measures such as excluding 705 
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sick workers and visitors, appropriate social distance and  cleaning and disinfection 706 

policies.   707 

Data at the household or individual-level were not available, and ,therefore, this study 708 

was limited by the utilized aggregated dataset at the zonal subnational level. 709 

Accordingly, the explanations of the results should be interpreted with caution to avoid 710 

the risk of ecological fallacies. In addition, we included only the risk factors that are 711 

associated with job sectors and workplaces while several risk variables that might be 712 

interrelated to COVID-19 incidence were not considered due to data availability.     713 

 714 

An understanding of the associations between the disease incidence and migrant 715 

workers is indispensable to control the spread of the virus, specifically among workers 716 

within workplace environments. The results of this study showed that migrants working 717 

in the health care system in the capital city of Muscat are infected by the disease at a 718 

high rate, while more cases were found among migrants working in the agricultural 719 

sector in Al-Batinah area. This reflects the economic characteristics of these two areas 720 

and how migrant workers in these areas are impacted by working and living 721 

circumstances. Furthermore, the spatial distribution of migrants based on workplaces 722 

resulted in differences in the spatial distribution of incidence between migrants and 723 

Omani citizens across the country. Migrants in the country have the right to access the 724 

health system similarly to Omani citizens; however, the type of work that migrants 725 

occupy and the associated social characteristics maybe the main determinant of the 726 

increased number of cases amongst migrants. Decision- makers may need to implement 727 

different mitigation measures where migrants are clustered to slow down the spread of 728 

the disease. 729 

 730 
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6. Conclusion  731 

Oman is major importers of migrant workers in the region and globally. The dominance 732 

of migrants is more pronounced in the workforce than it is in the total population and 733 

hence migrants are major contributors to the economic prosperity of the country. 734 

Migrants in Oman work in many economic sectors and are distributed in different areas 735 

of the country. The socioeconomic conditions of migrants in Oman and the region make 736 

them more vulnerable and at high risk of suffering from the COVID-19 pandemic. 737 

Therefore, the aim of this study was to model the spatial distribution of the COVID-19 738 

among migrants based on the type of workplace to understand the spatial relationships 739 

between migrant infection rates of COVID-19 and their workplace. 740 

Our analysis emphasizes the associations between percentages of migrants in their 741 

workplaces and disease incidence at subnational and finer scale. The increased 742 

percentages of migrant workers in the agricultural, health and business sectors were 743 

associated with an excess of COVID-19 incidences mainly in Muscat and Al-Batnah 744 

governorates. Similarly, migrant workers in manufacturing and mining were associated 745 

with increased risk of COVID-19 incidence rates in the east particularly (Al-Duqm) 746 

and the south (Salalah). Investigating the socioeconomic, cultural and systemic factors 747 

that may lead to the spread of COVID-19 among migrants is important for developing 748 

and monitoring targeted preventive and intervention strategies for reduce transmission 749 

of the disease. The results of this study can aid in understanding the dynamics of the 750 

disease among migrants and hence the processes controlling its spread among migrants 751 

over space and time. This can contribute in helping decision-makers to adopt more 752 

appropriate mitigation measures and actions to control the propagation of the disease 753 

in Oman and the other GCC countries. 754 

 755 
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